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There i s  a p o s s i b i l i t y  t h a t  antenna p a t t e r n  n u l l s  
and spacec ra f t  maneuvers w i l l  cause the  rf c a r r i e r s  .of 
Apollo S-band telecommunication and t r ack ing  systems t o  be 
i n t e r r u p t e d  f o r  varying time i n t e r v a l s .  Since the  r e c e i v e r s  
employ phase-locked o s c i l l a t o r  (PLO) loops,  all information 
w i l l  be l o s t  f o r  a time i n t e r v a l  a t  l e a s t  as g r e a t  as  t h e  
time that the  c a r r i e r  i s  a c t u a l l y  i n t e r r u p t e d .  T h i s  memo- 
randum cons iders  the r e l a t i o n  between c a r r i e r  i n t e r r u p t i o n  
e f f e c t s  and PLO loop c h a r a c t e r i s t i c s  of t h e  PM systems. The 
FM system i s  no t  considered i n  t h i s  memorandum. 

Doppler frequency s h i f t s  caused by varying space- 
c r a f t  v e l o c i t i e s  w i l l  cause the vol tage-cont ro l led  o s c i l l a t o r  
(VCO) of each t r a c k i n g  loop t o  be s h i f t e d  from i t s  normal 
o s c l l l a t i n g  frequency. If a Doppler-frequency-shifted i n p u t  
s i g n a l  i s  i n t e r r u p t e d  a f t e r  a phase-locked o s c i l l a t o r  (PLO) 
loop has been locked t o  the  phase of t h e  i n p u t  s i g n a l ,  t h e  
l o o p  w i l l  become unlocked and the  VCO w i l l  tend t o  r e t u r n  t o  
i t s  undis turbed frequency of o s c i l l a t i o n  a t  a n  exponent ia l  
r a t e  ( r e t u r n  d r i f t  r a t e )  determined by the  time cons t an t  o f .  
the  loop f i l t e r .  The PLO loop w i l l  au tomat i ca l ly  begin t o  
p u l l  i n t o  lock w i t h  the input  s i g n a l  when the  s i g n a l  i s  a g a i n  
rece ived ,  provided tha t  t he  s i g n a l  i s  wi th in  the bandwidth 
of any narrow bandpass f i l t e r  p r i o r  t o  t he  d e t e c t o r .  The 
time requ i r ed  f o r  the loop t o  p u l l  i n t o  lock i s  p ropor t iona l  
t o  the square of t he  frequency d i f f e r e n c e  between the  PLO 
loop and t h e  i n p u t  s i g n a l  and i n v e r s e l y  p ropor t iona l  t o  the  
cube of t he  loop noise  bandwidth. 

Equations and curves a r e  inc luded  f o r  determinlng 
PLO r e t u r n  d r i f t  r a t e ,  p u l l - i n  t ime, Doppler s h i f t ,  a l lowable  
c a r r i e r  i n t e r r u p t i o n  time t h a t  w i l l  permit  the t r ack ing  l o o p  
t o  r eacqu i re  the c a r r i e r  a f t e r  a n  i n t e r r u p t i o n  o r '  t o  p u l l  
i n  t o  lock  wi th  a s u b c a r r i e r ,  and f o r  determining t h e  t o t a l  
in format ion  outage time. 
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The up-ca r r i e r  t r ack ing  and demodulating loops  
w i l l  au tomat ica l ly  r eacqu i re  t h e i r  s i g n a l s  f o r  up -ca r r i e r  
i n t e r r u p t i o n s  of less than about  0 .2  seconds d u r i n g  maximum 
Doppler condi t ions  experienced i n  the e a r t h  p a r k i n g  orbit 
o r  f o r  i n t e r r u p t i o n s  of less than about 0.1 seconds d u r i n g  
t r a n s l u n a r  i n j e c t i o n s .  The i n t e r r u p t i o n  time for the  down 
c a r r i e r  w i l l  be s l i g h t l y  l e s s  f o r  automatic  r e a c q u i s i t i o n .  
Thus ,  s h o r t  c a r r i e r  i n t e r r u p t i o n s  can r e q u i r e  manual o r  
programed r e a c q u i s i t i o n  while  the s p a c e c r a f t  i s  i n  t h e  near  
e a r t h  t r a j e c t o r i e s .  
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INTRODUCTION 

Tracking System employs phase-locked o s c i l l a t o r  (PLO) tech-  
niques f o r  phase t r a c k i n g  the PM c a r r i e r  and for demodu1a.- 

t i o n  of some of t h e  communication s u b c a r r i e r s .  A l l  phase- 
locked o s c i l l a t o r s  a r e  i n i t i a l l y  locked-on t o  t h e i r  r e s p e c t i v e  
s i g n a l s  by a s tandard  a c q u i s i t i o n  procedure.  Af t e r  i n i t i a l  
a c q u i s i t i o n ,  t h e r e  i s  a p o s s i b i l i t y  t h a t  t he  up or down rf 
c a r r i e r  o r  both w i l l  be i n t e r r u p t e d  f o r  varying time i n -  
t e r v a l s  as a r e s u l t  of  antenna p a t t e r n  n u l l s  and s p a c e c r a f t  
maneuvers. T h i s  i s  p a r t i c u l a r l y  t r u e  while the s p a c e c r a f t  

10,000 mi les  a l t i t u d e ,  when the  s p a c e c r a f t  s i g n a l s  a re  
t ransc ieved  s imultaneously over two omnidi rec t iona l  antennas 
l o c a t e d  on oppos i te  s i d e s  of t h e  Command Module's forward 
s e c t i o n .  Phasing e f f e c t s  between the two antennas then 
w i l l  produce s i g n a l  v a r i a t i o n s  as  the o r i e n t a t i o n  of  t h e  
space veh ic l e  changes r e l a t i v e  t o  a ground s t a t i o n .  Momentary 
equipment f a i l u r e s  could produce the same e f f e c t s .  

The Apollo Unif ied S-band Telecommunication and 

1 

is i n  +LA U L I G  nnnn I i G a A  y r ' n - l n ' f y r  v A- A A A A  V J  cf t h e  e a r t h ,  i . p . i  l e s s  ts.ha-n 

Any i n t e r r u p t i o n  o r  l o s s  of c a r r i e r  w i l l  cause 
a l l  PLO loops i n  a voice o r  data channel t o  become unlocked. 
The vol tage-cont ro l led  o s c i l l a t o r s  (VCOs)  i n  the  unlocked 
PLO loops w i l l  d r i f t  toward t h e i r  undis turbed  o s c i l l a t i n g  
f requencies  while the  c a r r i e r  i s  absen t  and w i l l  r e q u i r e  a 
measurable time t o  p u l l  back i n t o  phase lock  a f t e r  the  c a r -  
rier i s  again rece ived .  All information on the c a r r i e r  
w i l l  be l o s t  u n t i l  the PLOs have rega ined  phase lock.  

0 1 I 
A l l  s u p e r s c r i p t s  r e f e r  t o  a l i s t  of r e fe rences  a t  the end 
of the memorandum. 
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It i s  o f  i n t e r e s t  t o  know q u a n t i t a t i v e l y  whether 
t o  expect i n t e r r u p t i o n s  of t h e  S-band s i g n a l  due t o  t h e  
s p a c e c r a f t  antenna p a t t e r n  and maneuvers, and i f  so ,  how 
o f t e n  and f o r  how long when t h e  I n t e r r u p t i o n s  occur.  T h i s  
memorandum cons iders  t h e  p u l l - i n  t ime r equ i r ed  by a ?LO 
t r a c k i n g  loop t o  lock  onto t h e  phase o f  an i n p u t ' c a r p i e r  o r  
s u b c a r r i e r  fol lowing a s i g n a l  i n t e r rup t ion .  The f a c t o r s  
t h a t  a f f e c t  p u l l - i n  t ime - such as  o s c i l l a t o r  d r i f t  r a t e ,  
narrow bandpass f i l t e r  e f f e c t s ,  loop noise  bandwidth, and . Doppler s h i f t  - a r e  a l s o  discussed,  

S ince  t h e  u n i f i e d  S-band PM systems f o r  t h e  Apollo 
Command-Service Module (CSM)  and t h e  Lunar Excursion Module 
(LEX) a r e  e s s e n t i a l l y  t h e  same, only t h e  CSM and ground s t a -  
t i o n  systems a r e  discussed. 

PLO LOOPS 

General 

Figure 1 shows t h e  b l o c k  diagram o f  a s tandard  
It inc ludes  a l o c a l  re ference  VCO, a phase PLO loop, 1,2y3 

d e t e c t o r  t h a t  compares t h e  r e l a t i v e  phase d i f f e r e n c e  between 
t h e  rece ived  s i g n a l  and t h e  o s p i l l a t o r ,  a l oop  f i l t e r  which 
p a r t l y  determines t h e  t r a n s f e r  c h a r a c t e r i s t i c  o f  t h e  PLO 
loop, and a reac tance  modulator f o r  c o n t r o l l i n g  t h e  o s c i l -  
l a t o r  frequency. The loop ga in  has t h e  dimension o f  fre- 
quency and i t s  magnitude i s  a l s o  t h e  holding range o f  t h e  
PLO , 

The Apollo system employs two types  of t r a c k i n g  
loops.  One type (F igures  2, 2A) i s  t h e  c a r r i e r  t r a c k i n g  
loop which employs a narrow bandpass f i l t e r  p r i o r  t o  t h e  
d e t e c t o r  t h a t  a l lows t h e  s p e c t r a l  l i n e  of t h e  c a r r i e r  be- 
i n g  t r acked  p l u s  no ise  and intermodulat ion p r o d u c t s  t h a t  
f a l l  w i th in  t h e  f i l t e r  bandwidth t o  e n t e r  t h e  innermost 
loop. T h i s  loop I s  termed modulation r e s t r i c t i v e .  

The second type I s  used t o  demodulate t h e  angle-  
iiiodiilated s u b c a r r i e r  s i g n a l s  aiid i s  iisiialiy c a l l e d  a rmdu- 
l a t i o n  t r a c k i n g  loop. The demodulating loop i s  s i m i l a r  t o  
t h e  b a s i c  c a r r i e r  t r a c k l n g  loop; however, t h e  loop f i l t e r  
has  a bandwidth s u f f i c i e n t  t o  accommodate t h e  modulated 
s i g n a l .  The output  s i g n a l  from a demodulation loop  i s  taken 
a t  t h e  output  of t h e  low-pass loop  f i l t e r  (Figure 3 ) .  

_--. 
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The c a r r i e r  t racking  loop i n  t h e  main r e fe rence  
channel r e c e i v e r  of t h e  Apollo ground s t a t i o n  i s  s i m i l a r  
t o  t h a t  of t h e  CSM except t h a t  a s t a b l e  r e fe rence  s i g n a l  
i s  i n j e c t e d  a t  two mixer s tages .  
r e c e i v e r  can a l s o  be con t ro l l ed  f o r  manual or programed  
s i g n a l  acqu i s i t i on .  

The VCO of t h e  ground 

A block diagram and p a r t i a l  schematic o f  t h e  car-  
r i e r  t r a c k i n g  loop for t h e  CSM r e c e i v e r  w i l l  be used. a s  a 
model PLO loop  for various c a l c u l a t i o n s  made i n  t h i s  memo- 
randum. The a d d i t i o n a l  frequency m u l t i p l i e r s ,  I F  ampli- 
f i e r s  and mixer s t a g e s  of Figure 2 or 2 A  con t r ibu te  only  t o  
t h e  o v e r - a l l  g a i n  o f  t h e  l i n e a r i z e d  loops.  
t h e  narrow bandpass c r y s t a l  f i l t e r  i n  t h e  second I F  of t h e  
t r a c k i n g  loop w i l l  be c,onsidered l a t e r .  \!eaver4 has shown 
t h a t  t h e  complex loop of Figure 2 or 2A i s  reduceable t o  
t h e  b a s i c  loop of F igure  1 and t h a t  t h e  design o r  a n a l y s i s  
of t h e  complex loop i s  only s l i g h t l y  more d i f f i c u l t  t han  
t h e  des ign  or a n a l y s i s  of the  b a s i c  PLO loop, 

The e f f e c t  .of 

Pul l - in  and Tracking Range 

The maximum pu l l - in  range is t h e  l a r g e s t  frequency 
d i f f e r e n c e  from t h e  VCO n a t u r a l  frequency f o r  which p u l l - i n  
can be obtained,  r ega rd le s s  of t h e  l eng th  of time r equ i r ed  
for t h e  purpose. P r a c t i c a l  designs avoid t h e  requirement 
for p u l l - i n  from frequency devia t ions  approaching t h e  maxi- 
mum because t h e  p u l l - i n  t i m e  could then  be i n f i n i t e l y  l a r g e ,  
The normal procedure i s  t o  spec i fy  a p u l l - i n  time t h a t  i s  
s a t i s f a c t o r y  for opera t iona l  purposes and then  des ign  t h e  
loop t o  s a t i s f y  t h e  a l l o t t e d  p u l l - i n  t i m e .  

Once t h e  PLO i s  locked onto t h e  inpu t  s i g n a l  above 
threshold ,  t h e  PLO w i l l  remain locked u n t i l  t h e  i n p u t  s i g n a l  
frequency s h i f t  i s  g r e a t e r  than t h e  t r a c k i n g  range, o r  u n t i l  
t h e  frequency s h i f t  r a t e  exceeds t h e  loop tpacking c a p a b i l i t y ,  
If e i t h e r  condi t ion  i s  v io la ted ,  t h e  PLO w i l l  l o s e  lock.  

The pul l - In  range i s  always l e s s  t han  t h e  t r a c k i n g  
( o r  ho ld ing)  range if a narrow bandpass or loop f i l t e r  i s  
included i n  t h e  PLO loop. Furthermore, t h e  i n c l u s i o n  of 
a narrow bandpass f i l t e r  i n  f r o n t  of t h e  l i m i t e r  l i m i t s  t h e  
p u l l - i n  range t o  one-half the f i l t e r  bandwidth; t h i s  w i l l  
be d iscussed  aga in  i n  a l a t e r  s ec t ion .  
t r o l s  t h e  PLO l o o p  equivalent  no i se  bandwidth and t h u s  a f -  
f e c t s  both t h e  pu l l - In  range and p u l l - i n  t ime. 

The loop f i l t e r  con- 
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Pul l - in  t ime i s  def ined a s  t h e  l eng th  of t ime re-  
q u i r e d  t o  ga in  phase lock  between t h e  PLO loop and t h e  i n -  
put  c a r r i e r  without  manual o r  programred a s s i s t a n c e .  The 
c h a r a c t e r i s t i c s  of t h e  PLO loop which a f f e c t  p u l l - i n  t i m e  
a r e  t h e  equiva len t  n o i s e  bandwidth,  t h e  damping r a t i o ,  and 
t h e  undamped n a t u r a l  frequency. These c h a r a c t e r i s t i c s  can 
be determined by a n  a n a l y s i s  of t h e  loop  o r  a r e  chosen 
dur ing  loop  design. 

The p u l l - i n  time can be obta ined  for any s p e c i f i c  
f requency d i f f e r e n c e  between the  rece ived  c a r r i e r  and t h e  
frequency output  from t h e  PLO loop  by t h e  phase p lane  p l o t  
t e c h n i q ~ e , ~  which involves  the s o l u t i o n  of  a non l inea r  d i f -  
f e r e n t i a l  equat ion.  However, the p u l l - l n  t ime (T ) cannot 
be more than  i n d i c a t e d  by t h e  fol lowing equat ion  6F10 

where 

= 
TP 
6 f  = 

K =  
= Ba 

p u l l - i n  t ime i n  seconds 

frequency d i f f e rence  between t h e  i n p u t  s i g n a l  
and t h e  PLO loop a t  t h e  first mixer o r  phase 
d e t e c t o r ,  i n  cps 

PLO loop damping r a t i o  

PLO loop equiva len t  one-sided no i se  bandwidth 
i n  cps 

Equat ion (1) a p p l i e s  where t h e  loop no i se  bandwidth remains 
r e l a t i v e l y  cons tan t  over  t h e  pu l l - in  per lod .  The formula 
a l s o  a p p l i e s  provided t h a t  there  I s  no narrow bandwidth 
f i l t e r  ahead of  t h e  phase de t ec to r ,  o r  i n  any event t h a t  t h e  
i n p u t  d i f f e r e n c e  frequency 6f i s  wi th in  t h e  passband of t h e  
f i l t e r .  The e f f e c t  of inc luding  such a f i l t e r ,  a s  shown i n  
F igures  2 and 2 A ,  w i l l  be considered l a t e r .  

i 

0 '  
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3 tween 0.5 and 1 .0  g ive  t h e  b e s t  p u l l - i n  t imes.  V i t e r b i  
and Richman6'h%h de r ive  approximate va lues  for t h e  t i m e  
r e q u i r e d  for a loop t o  p u l l  i n t o  l o c k  f o r  some i n i t i a l  f r e -  
quency o f f s e t ,  OU, for h i g h  g a i n  second o rde r  l o o p s  with 
K equal  t o  1/G. 

It has been found t h a t  loop damping r a t i o s  be- 

An a l t e r n a t e  term of the  p u l l - i n  t i m e  equa t ion  is 
given by V i t e r b i  3 as: . 

o r  i n  te rms  of loop no i se  bandwidth Bj: 

The express ion  f o r  B and f o r  t h e  damping r a t i o  K, i s  de- 
r i v e d  i n  Appendix A . ,  on i s  n o t  t h e  n a t u r a l  f requency wo of 
t h e  VCO i t s e l f ;  i n s t e a d ,  i t  d e s c r i b e s  t h e  r a t e  a t  which t h e  
system would o s c i l l a t e  about t h e  VCO frequency i f  t h e  r e -  
s i s t a n c e  i n  t h e  loop was zero .  an a l s o  d e s c r i b e s  t h e  optimum 
r a t e  a t  which t h e  VCO should be v a r i e d  by a n  o u t s i d e  f o r c e  i f  
t h e  VCO i s  t o  be swept t h r o u g h  a frequency band t o  exped i t e  
s i g n a l  a c q u i s i t i o n  by t h e  PLO loop .  

a' 

Limi ter  E f f e c t s  

If a l imi te r  precedes o r  i s  inc luded  i n  t h e  loop, 
it i n s e r t s  a v a r i a b l e  loop g a i n  f i g u r e  corresponding t o  t h e  
l i m i t e r  suppress ion  f a c t o r ,  a. This  v a r i a b l e  loop g a i n  causes  
t h e  loop  n o i s e  bandwidth t o  vary.7 The loop  noise  bandwidth 
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i n c r e a s e s  w i t h  t h e  l i m i t e r  suppress ion  f a c t o r ,  and hence 
i n c r e a s e s  wi th  t h e  S / N  power r a t i o  a t  t he  l i m i t e r  i n p u t .  
t h e  t r a c k i n g  loop l i m i t e r  provides  a n  a d a p t i v e  f e a t u r e  i n  
phase-lock loop o p e r a t i o n .  For  l a r g e  S/N r a t i o s  i n  the loop ,  
t h e  l o o p  no i se  bandwidth i s  l a r g e  which provides  a r e l a t i v e l y  
f a s t  c a r r i e r  t r a c k i n g  response i n  t h e  loop and f o r  smal l  S / N  
r a t i o s ,  t he  loop n o i s e  bandwidth i s  decreased  which reduces  
t h e  c a r r i e r  t r a c k i n g  e r r o r  i n  t h e  loop  due t o  thermal  n o i s e .  
The Apollo CSM t r a c k i n g  l o o p  n o i s e  bandwidth ( 2 B j )  v a r i e s  
from about  TOO cps  a t  t he  th re sho ld  S / N  r a t i o ,  t o  2.500 cps  a t  
S / N  r a t i o s  g r e a t e r  t h a n  about 10 db. 

with i t s  r e l a t e d  e f f e c t  on no i se  bandwidth compl ica tes  t h e  
e x p r e s s i o n  f o r  p u l l - i n  t i m e  g iven  e a r l i e r .  
t h a t  when t h e  l i m i t e r  I s  included,  p u l l - i n  t ime f o r  s i g n a l s  
above t h r e s h o l d  may be es t imated  by t h e  fo l lowing  modif ica-  
t i o n  of the e a r l i e r  equat ion (1): 

Thus, 

- 

The i n t r o d u c t i o n  o f  t h e  l i m i t e r  suppres s ion  f a c t o r  239 

Appendix B shows 

T s r  
P 

where 

I' 
L i 

Kth = t h r e s h o l d  loop damping f a c t o r  

"th = t h r e s h o l d  l i m i t e r  suppres s ion  f a c t o r  

The v a l u e  of a corresponding t o  a p a r t i c u l a r  S/N r a t i o  above 
t h r e s h o l d  may be ob ta ined  from F igure  4. The "th f o r  t h e  CSM 
(Block ii) t r a c k i n g  loop t h r e s h o l d  S/N i s  0.188 f o r  a 2Bth of 
TOO cps  a s  s t a t e d  above. The ground s t a t i o n  may s e l e c t  any 
of t h r e e  2Bth bandwidths, p r e s e n t l y  s p e c i f i e d  a s  50, 200, and 
700 CPS. 

I - . -- 
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The B t h  and B j  one-sided no i se  bandwidths a r e  
r e l a t e d  Epproximately by t h e  fol lowing express ion  when t h e  
th re sho ld  des ign  Value for K i s  0.707. T h i s  t h re sho ld  K i s  
used i n  designing t h e  c a r r i e r  t r a c k i n g  loops  of  Apollo. 

The 2Bth and ai:  f a c t o r s  f o r  t h e  CSM (b lock  11) and ground 
s t a t i o n  l o o p s  a r e  summarized i n  t h e  fol lowing t a b l e .  

System 

C SM 
G S 1  
GS2 
GS3 

0.188 
0.071 
0.141 
0.282 

P u l l p i n  time based on equat ion  4 and the  above 
table (CSM and GS-_?I for signal- to-noise  r a t i o s  i n  .the a c t u a l  
t r a c k i n g  loop bandwidth of 6 and 12  db a r e  p l o t t e d  i n  f i g u r e s  
5 and 6 for a 6f extending s l i g h t l y  beyond the  l i m i t s  of t he  
bandpass l i m i t e r .  

PLoO Loop Return D r l f t  Rate 

After  t h e  c a r r i e r  t r ack ing  loop has been locked-on 
t o  an incoming c a r r i e r ,  t h e  PLO loop frequency gene ra l ly  
w i l l  be s h i f t e d  f r o m  i t s  undis turbed frequency of o s c i l l a -  
t i o n ,  fo. If t h e  c a r r i e r  then i s  i n t e r r u p t e d ,  t h e  c a r r i e r  
t r a c k i n g  loop  (and a l l  succeeding loops)  w i l l  become unlocked 
and t h e  o s c i l l a t o r  o f  each loop w i l l  t end  t o  r e t u r n  to t h e  
undis turbed  VCO frequency a t  a r a t e  determined p r imar i ly  by 
t h e  time constant  of t h e  low-pass loop f i l t e r  of each loop. 

The r e t u r n  d r i f t  r a t e  i s  developed he re  i n  terms 
of  t h e  u p - c a r r i e r  t r a c k i n g  loop  f o r  t h e  CSM r e c e i v e r  
(Figure 2). , I f  t h e  incoming s i g n a l  t o  t h e  CSM i s  l o s t ,  t h e  
c i r c u i t  i s  reduced t o  t h e  components shown i n s i d e  t h e  dashed 
l i n e s  of Figure 2. I f  t h e  ga in  constant  f o r  t h e  frequency 
d i v i d e r  ( x  1/2) i s  inc luded  wi th  t h e  o s c i l l a t o r ,  t hen  
Figure 2 reduces t o  t h e  bas ic  PLO conf igu ra t ion  (Figure 1). 
The p a r t i a l  c i r c u i t  schematic i s  shown i n  Figure 7. w i t h  
t h e  c a r r i e r  missing, only the  VC0/2 s i g n a l  and band-limited 

, 

I 
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n o i s e  a r e  p re sen t  a t  t h e  phase de t ec to r .  The c o n t r o l  volts,;:? 
output  of t h e  d e t e c t o r  w i t h  no c a r r i e r  input  o t h e r  t han  ban(?- 
l i m i t e d  no i se  can be assumed t o  be zero on t h e  average. 

For f requencies  wi th in  t h e  pass  band o f  t h e  low- 
pas s  loop  f i l t e r ,  t h e  high impedance va lues  of  che p i c o f a r a c  
capac i to r s  and v a r a c t o r  diodes al low t h e  c l r c u i t  o f  Figure 7 
t o  be reduced t o  t h a t  o f  Figure 8. While t h e  l o o p  i s  t r ack -  
i n g  t h e  c a r r i e r ,  C-13 i n  t h e  low-pass f i l t e r  i s  s u f r i c i e n t l y  
charged t o  unbalance t h e  reac tance  modulator (va rac to r  diode 
C R 2  and CR4 of Figure 7 )  t o  compensate for t h e  frequency 
s h i f t  r equ i r ed  t o  maintain phase lock,  
lost, C - 1 3  begins  t o  discharge a t  a r a t e  de te rn ined  by  t h e  
t ime cons tan t  T1 = RC of  Figure 8. 
s i s to r s  a r e  small  i n  value when compared wi th  R1 plus  R 2  
o f  t h i s  c i r c u i t ,  Figure 8 can be f u r t h e r  s i m p l i f i e d  a s  
shown i n  Figure 9. 
reduces t h e  reac tance  modulator con t ro l  vo l tage  p r ( - r )  t o  

When t h e  c a r r i e r  i s  

S ince  most o f  t h e  r e -  

The exponent ia l  d i scharge  r a t e  of  C - 1 3  

c 

where Eo i s  t h e  vo l t age  measured ac ross  C - 1 3  a t  t h e  t ime of 
s i g n a l  i n t e r r u p t i o n  and T is time measured f rom the  i n s t a n t  
of s i g n a l  i n t e r r u p t i o n .  A s  t h e  modulator c o n t r o l  vo l tage  
decreases  toward zero,  t h e  loop frequency tends t o  r e t u r n  
t o  i t s  undis turbed  o s c i l l a t i n g  frequency fo, 
i s  absent  f o r  one t ime constant  (T/RC = l), t h e  l o o p  w i l l  
have r e tu rned  t o  a frequency f0  2 0.37 Df, where Df i s  t h e  
d i f f e r e n c e  between f 0  and t h e  incoming c a r r i e r  frequency 

If t h e  c a r r i e r  

t h a t  r e f l e c t s  t h e  Doppler s h i f t  experienced a t  t h e  time o f  
t h e  c a r r i e r  i n t e r r u p t i o n  ( see  Figure 10). 
s t a b i l i t i e s  t h a t  could cause. frequency s h i f t  a r e  neglec ted  
here ,  I f  t h e  c a r r i e r  i s  received aga in  a t  t h e  end o f  one 
t ime cons tan t ,  t h e r e  w i l l  be a frequency e r r o r  6 f  between 
t h e  c a r r i e r  and PLO loop frequencies  of 0.63 D f  cps ,  
S i m i l a r l y ,  if t h e  c a r r i e r  i s  absent for two t ime cons tan ts ,  
t h e  f requency e r r o r  w i l l  equal 0.87 D f ,  and a f t e r  f o u r  t ime 
cons t an t s  i t  will equal  0.98 Df, 
determining 6 f  i s  

.Other system in -  

The gene ra l  equat ion f o r  
0 '  
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( 7 )  

Bandpass F i l t e r  E f f e c t  on Loop P u l l - i n  C a p a b i l i t y  

S p e c i a l  cons ide ra t ion  must be given t o  p u l l - i n  
t imes  and a c q u i s i t i o n  procedures when a narrow bandpass 
f i l t e r  i s  inc luded  i n  f r o n t  o f  t h e  PLO loop d e t e c t o r  as 
shown i n  F igures  2 and 2A, The  PLO loop w i l l  begin au to-  
m a t i c a l l y  t o  p u l l  i n t o  lock  with t h e  c a r r i e r ,  e i t h e r  for 
i n i t i a l  a c q u i s i t i o n  o r  a f t e r  a c a r r i e r  i n t e r r u p t i o n ,  pro- 
v ided  t h e  c a r r i e r  f requency f a l l s  w i t h i n  t h e  p a s s  band o f  
t h e  f i l t e r .  However, i f  t h e  bandwidth of t h e  f i l t e r  i s  
BW, then  any d i f f e r e n c e  6 f  between t h e  inpu t  c a r r i e r  f re-  
quency and t h e  loop frequency a t  t h e  f i r s t  mixer t h a t  i s  
g r e a t e r  t han  BW/2 w i l l  prevent t h e  loop from a u t o m a t i c a l l y  
p u l l i n g  i n t o  phase lock,  I n  t h e  l a t t e r  case,  on ly  band- 
l i m i t e d  n o i s e  w i l l  be presented  t o  t h e  phase a e t e c t o r ,  and 
t h e  VCO e i t h e r  w i l l  remain a t  i t s  undis turbed  frequency of 
o s c i l l a t i o n  f o  or, fo l lowing  a c a r r i e r  i n t e r r u p t i o n ,  w i l l  
...At..-- t, 0 ,+ 4-L.- --t1 ,-?+,A f u  +LA --.-.-.,.:1,7- n-w.-h.n"r?l? 
J . G U U l . 1 1  U U  a u  UIAG I Q U G  ~ A U G U  1 1 1  U L A G  ~ L G V L U U ~  y a r u b r u * y r r r  

Depending on t h e  amount t h a t  t h e  c a r r i e r  i s  s h i f t e d  
from t h e  loop n a t u r a l  frequency a f t e r  phase lock  has been 
e s t a b l i s h e d ,  a narrow bandpass f i l t e r  preceding t h e  PLO 
loop d e t e c t o r  may l i m i t  t h e  t i m e  t h a t  t h e  c a r r i e r  can be 
i n t e r r u p t e d  and s t i l l  have the loop a u t o m a t i c a l l y  p u l l  back 
i n t o  lock when t h e  c a r r i e r  i s  r e s t o r e d ,  This  f a c t o r  can be 
p a r t i c u l a r l y  s i g n i f i c a n t  i f  t h e r e  i s  a s i z a b l e  Doppler 
s h i f t  of t h e  c a r r i e r  frequency, a s  w i l l  be brought ou t  
f u r t h e r  i n  t h e  fo l lowing  sect-ion, 

DOPPLER FREQUENCY SHIFT EFFECT ON APOLLO SYSTEM CARRIER 
ACQUISITION 

The amzunt o f  leop phase shift or f r e q u e m y  s h i f t  
r e q u i r e d  i n  o r d e r  t o  lock-on t o  a n  i n p u t  c a r r i e r  i s  deter-  
mined by t h e  Doppler s h i f t  r e s u l t i n g  from t h e  r e l a t i v e  
r a d i a l  v e l o c i t y  between t h e  CSM and t h e  ground s t a t i o n ,  and 
by i n h e r e n t  o s c i l l a t o r  d r i f t  c h a r a c t e r i s t i c s ,  The r e l a t i v e  
magnitudes o f  t h e s e  two f a c t o r s  w i l l  va ry  widely, and e i t h e r  
may be predominant a t  a given t i m e .  For example, when t h e  
CSM f i r s t  appears  over  t h e  horizon of  a ground s t a t i o n  dur ing  

0 

! 
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t h e  Ear th  parking o r b i t ,  r e l a t i v e  r a d i a l  v e l o c i t y  w i l l  be 
high, and t h e  Doppler s h i f t  w i l l  be correspondingly high 
and w i l l  probably exceed t h e  o s c i l l a t o r  d r i f t ;  a s  t h e  CSM 
passes  d i r e c t l y  overhead, t h e  Doppler s h i f t  w i l l  reduce 
g radua l ly  t o  zero,  and f o r  some i n t e r v a l  o f  t l m e  probably 
w i l l  be l e s s  than  t h e  o s c i l l a t o r  d r i f t .  

I n  genera l ,  i t  can be assumed t h a t  t h e  short- term 
s t a b i l i t y  of t h e  CSM o s c i l l a t o r ,  and c e r t a i n l y  o f  t h e  ground 
s t a t i o n  o s c i l l a t o r ,  w i l l  be good enough t h a t  any d r i f t  
dur ing c a r r i e r  i n t e r r u p t i o n s  o f  seconds o r  a few n inu te s  
d u r a t i o n  w i l l  be n e g l i g i b l e  compared t o  t h e  maximum Doppler 
s h i f t  t h a t  can be encountered. On t h i s  assumption, f u r t h e r  
a t t e n t i o n  here  i s  r e s t r i c t e d  t o  t h e  e f f e c t s  of  Doppler 
s h i f t .  

Given a n  u p - c a r r i e r  frequency of f l  (a2.1064 g c )  
the  rece ived  s i g n a l  (f2) a t  t h e  CSM i s  changed by t h e  
Doppler s h i f t  t o  

0 '  

where I 

V = r a d i a l  v e l o c i t y  of  t h e  CSM r e l a t i v e  t o  t h e  
ground s t a t i o n  

C = propagat ing v e l o c i t y  of l i g h t  

The t r a n s m i t t e d  s i g n a l  from t h e  CSM ( f  ) i s  phase- 3 
locked t o  t h e  VCO of t h e  r e c e i v e r  f o r  ranging purposes,  and 
i s  equal  t o  f2 m u l t i p l i e d  by 240/221 t o  provide c a r r i e r  
separa t ion .  The t r a n s m i t t e d  s i g n a l  f rom t h e  CSM i s  then  

(1 +, g) (240/221) f3 fl ( 9 )  

0 :  



- 11 - 

The rece ived  s i g n a l  a t  t h e  ground s t a t i o n  i s  then  

Thus, t h e  down-carrier i s  a f f e c t e d  by a two-way Doppler, 

The r e l a t i v e  r a d i a l  v e l o c i t y  between t h e  CSK and 
a ground s t a t i o n  v a r i e s  from zero a t  launch t o  about 36,400 
f t / s ec  a t  t r a n s l u n a r  i n j e c t i o n  and then  decreases  t o  l e s s  
t han  2000 f t / s ec  a t  t h e  g r a v i t a t i o n a l  equi l ibr ium po in t  be- 
tween t h e  e a r t h  and t h e  moon. The r e l a t i v e  v e l o c i t y  can 
va ry  from zero  t o  about +-1O,OOO f t / s e c  while  t h e  CSM and 
LE?? are i n  t h e  l u n a r  parking o r b i t ,  

0 

0 

The Doppler frequency s h i f t ,  D f ,  r e s u l t i n g  *'-om 
any r a d i a l  v e l o c i t y  encountered during t h e  mission i s  shown 
i n  Figure 11. 
The maximum D f  would be encountered while  t h e  CSN i s  i n  a 
near -ear th  t r a j e c t o r y ,  more s p e c i f i c a l l y ,  a t  t r a n s l u n a r  
i n j e c t i o n .  
r i e r  could be almost -180 kc. Thus, t h e  bandgass f i l t e r  

bandwidth of about 160 kc t o  a l low t h e  loop t o  au tomat i ca l ly  
p u l l  i n t o  phase lock  w i t h  t h e  c a r r i e r  e i t h e r  i n i t i a l l y  o r  
fol lowing a c a r r i e r  i n t e r r u p t i o n  o f  any length .  If such 
a wide f i l t e r  were a v a i l a b l e  i n  t h e  c i r c u i t ,  Figures  h and 
5 could be used t o  determine t h e  p u l l - i n  time requi red  t o  
g a i n  phase lock. However, s ince  t h e  bandpass f i l t e r  a c t u a l l y  
designed f o r  t h e  CSM c a r r i e r  t r a c k i n g  loop has a Sandxidth 
cons iderably  less  t h a n  twice the  maximum expected one-way 
Doppler s h i f t ,  manual o r  programmed a s s i s t a n c e  gene ra l ly  
must be a v a i l a b l e  t o  lock  o r  r e lock  t h e  loop. The same i s  
t rue,  o f  course,  for t h e  ground s t a t i o n  r e c e i v e r  s i n c e  it 
inc ludes  an even narrower bandpass f i l t e r .  

These curves a r e  based on an f ,  of  2.1064 gc. 
I 

A t  t h a t  t ime, t h e  Doppler s h i f t  of  t h e  up car- 

ahearl n f  the PLC! Innp r l P t P C t C ? ?  rr? t h e  csx ?!C'J.lC r q 2 l i T ) e  2 

APOLLO SYSTEM ACQUISITION PROCEDURES 

I n i t i a l  Acquis i t ion  

I 

i 

I 

I 

Information on a c q u i s i t i o n  procedures and equip- 
ment for implementing s i g n a l  a c q u i s i t i o n  i s  not  complete; 
however, t h e  p r e s e n t l y  discussed a c q u i s i t i o n  p l a n  c a l l s  
f o r  a programmed procedure i n i t i a t e d  by an ope ra to r  a t  a 0 
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t r a c k i n g  s t a t i o n .  
push a b u t t o n  t o  i n i t i a t e  t h e  a c q u i s i t i o n  prograa  t h a t  w i l l  
o f f - s e t  t h e  t r a c k i n g  s t a t i o n  t r a n s m i t t e r  f requency by a 
p r e d i c t e d  minus Doppler and t h e  t r a c k i n g  s t a t i o n  r e c e i v e r  
by a p l u s  Doppler when t h e  range between t h e  s p a c e c r a f t  and 
t h e  s t a t i o n  i s  decreas ing ,  If t h e  range i s  i n c r e a s i n g ,  t h e  
o p e r a t o r  w i l l  push a second b u t t o n  t h a t  w i l l  cause t h e  t r a n s -  
m i t t e r  f requency t o  be s h i f t e d  by a p l u s  Doppler and t h e  re- 
c e i v e r  t o  be s h i f t e d  by a.minus Doppler. (Whether t h i s  f r e -  
quency s h i f t  i s  t h e  a c t u a l  Doppler experienced a t  t h e  t i m e  
o f  a c q u i s i t i o n  or t h e  maximum p o s s i b l e  Doppler i s  p r e s e n t l y  
u n c e r t a i n , )  
t r a c k i n g  s t a t i o n  t r a n s m i t t e r  t o  sweep through 590 kc about 
t h e  o f f - s e t  f requency a t  a r a t e  o f  35 kc p e r  second. A f t e r  
both up and down c a r r i e r s  have been acqui red  by t h e  c a r r i e r  
t r a c k i n g  loops and t h e  modulated s u b c a r r i e r s  have been adaed 
t o  t h e  c a r r i e r ,  t h e  program w i l l  s t op  t h e  t r a n s m i t t e r  from 
sweeping and w i l l  r e t u r n  t h e  t r a n s m i t t e r  t o  i t s  undis turbed  
t r a n s m i t t i n g  frequency a t  a slow r a t e  t h a t  w i l l  a l low t h e  
t r a c k i n g  loops  t o  remain locked. 

The o p e r a t o r  a t  a t r a c k i n g  s t a t i o n  w i l l  

The a c q u i s i t i o n  program w i l l  t h e n  cause t h e  

Voice and up-data information t o  be t r a n s m i t t e d  t o  
the  CSM w i l l  be ang le  modulated onto s u b c a r r i e r s  of 30 kc and  
70 kc r e s p e c t i v e l y .  
modulated onto  t h e  PM up-ca r r i e r  a s  shown i n  F igure  12 .  

Telemetry and voice informat ion  t o  be t r a n s m i t t e d  
t o  t h e  t r a c k i n g  s t a t i o n  w i l l  be angle  modulated onto sub-  
c a r r i e r s  of  1.024 mc and 1.25 mc r e s p e c t i v e l y .  
c a r r i e r s  t h e n  w i l l  be phase modulated onto  t h e  PM down ca r -  
r i e r  a s  shown i n  Figure 13. 

These s u b c a r r i e r s  then  w i l l  be phase 

These sub-  

Allowable Carr ier  I n t e r r u p t i o n  Time for Automatic 
Reacqu i s i t i on  

The a l lowable  t ime t h a t  a c a r p i e r  can be i n t e r -  
rup ted  o r  absen t  and s t i l l  have t h e  loop p u l l  i n t o  l o c k  
without o u t s i d e  a s s i s t anc , e  i s  a f f e c t e d  by both t h e  bandwidth 
of t h e  narrow bandpass f i l t e r  p r i o r  t o  t h e  d e t e c t o r  a s  
s t a t e d  e a r l i e r  and t h e  amount t h a t  t he  c a r r i e r ,  reduced 
to t h e  I F  frequency, i s  s h i f t e d  f r o m  t h e  c e n t e r  of t he  
f i l t e r  by Doppler a s  shown i n  Appendix,C. 

The equat ions  t h a t  approximate t h e  a l lowable  ca r -  
r i e r  i n t e r r u p t i o n  t imes  for t h e  CSM c a r r i e r  t r a c k i n g  loop  
of Figure 2 and for t h e  ground s t a t i o n  loop  of Figure 2 A  
a r e ,  r e s p e c t i v e l y :  

i 
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and 

T~~ = u p - c a r r i e r  i n t e r r u p t i o n  time 

'ad T1 

where T~~ i s  t h e  down-carrier i n t e r r u p t i o n  time and T1, Df, 
and BW are  as def ined  e a r l i e r .  

s u l t  of  t h e  type of multi loop PLO used i n  t h e  spacec ra f t  
r ece ive r .  
a r e fe rence  o s c i l l a t o r  a s  shown i n  Figure 2 A  i s  simpler.  
When t h e  down-carrier t racking  loop i s  locked, t h e  c a r r i e r ,  
reduced t o  IF,  i s  i n  t h e  cen te r  o f  t h e  bandpass f i l t e r .  

The curve i n  Figure 14 shows t h e  a l lowable c a m i e r  
i n t e r r u p t i o n  t i m e  vs Doppler frequency s h i f t  f o r  a 15 kc 
bandpass f i l t e r ,  corresponding t o  t h e  CSM r e c e i v e r  t r a c k i n g  
loop. F o r  example, t h e  allowable up -ca r r i e r  i n t e r r u p t i o n  
time ( T ~ ~ )  for a D f  of 77 kc experienced a t  t r a n s l u n a r  in-  
j e c t i o n  i s  about 0.12 seconds. An up-car r ie r  i n t e r r u p t i o n  
t ime o f  0.22 seconds i s  allowed while i n  t h e  e a r t h  parking 
o r b i t  f o r  a maximum Df of about 56 kc.  S imi l a r  curves f o r  
t h e  t h r e e  f i l t e r  time constants  Of tnk ground s t a t i o n  r t -  
c e i v e r  could be added t o  Figure 14.  In s t ead ,  t h e  curves i n  
Figure 15 for al lowable i n t e r r u p t i o n  t i m e  T d iv ided  by t h e  
f i l t e r  time cons tan t  T1 a r e  included t o  p e r m i t  t h e  a l lowable 
c a r r i e r  i n t e r r u p t i o n  t i m e  t o  be determined for t h e  loop 
f i l t e r  time cons t an t s  assoc ia ted  w i t h  e i t h e r  t h e  15 kc or 
7 kc bandpass f i l t e r s  of Figures 2 and 2 A .  Since t h e  LEM 
t ransponder  conta ins  no a u x i l i a r y  o s c i l l a t o r  t h e  ground s t a -  
t i o n  w i l l  probably loose  l o c k  whenever the  LEN c a r r i e r  t r a c k -  
i ng  loop  looses  lock. 

The ground s t a t i o n  equat ion  (12) t h a t  inc ludes  



C a r r i e r  I n t e r r u p t i o n  Time That w i l l  A l l o : ~  subc??-rier 
Acquis i t ion  

There i s  a p o s s i b i l i t y  t h a t  t h e  c a r r i e r  t r a c k l n c  

Since 
loop i n  t h e  spacec ra f t  r e c e i v e r  w i l l  a c q u i r e  and t r a c k  ii 
up-subcar r ie r  fol lowing an  up -ca r r i e r  i n t e r r E p t i o n .  
t h e  s u b c a r r i e r  intermodulat ions products of ,,e 30 kc 2rid 
70 kc s u b c a r r i e r  a r e  also present  whenever b o t h  s u b c a r r l c r s  

a r e  used on t h e  u p l i n k ,  t h e r e  i s  a l s o  a poss ib i l ' "  I by of ;rack- l n g  an intermod frequency e s p e c i a l l y  t h e  40 kc p- oduct.  Til23 
s u b c a r r i e r  o r  intermod product a c q u i s i t i o n  i s  poss ib l e  because 
they a r e  o f f s e t  from t h e  c a r r i e r  l e s s  t han  t h e  maxiinum Dopplrr 
frequency s h i f t  t h a t  may be encountered. 
of down-suScarrier a c q u i s i t i o n  C G  
because t h e s e  s u b c a r r i e r s  a r e  o f f s e t  by mpre than 1 iiic. How- 
ever ,  t h e  up-subcarr ier  and intermod tones  t h a t  a r e  placed 
on t h e  down l i n k  through t h e  transponder turn-around channel 
could be acqui red  and t r acked  by the down c a r r i e r  t r a c k i n g  
loop. The up-subcarr ier  a c q u i s i t i o n  problem i s  t r e a t e d  here  
with t h e  r e a l i z a t i o n  t h a t  t h e  s u b c a r r i e r  and in te rmodula t ion  
tones  a r e  a l s o  a problem on t h e  down l i n k s .  

unlocked i f  t h e  PM c a r r i e r  i s  i n t e r r u p t e d .  
been t r a c k i n g  2 Doppler-shifte4 c a r r i e r  t k t  2;; LzterrUpted,  
i t  w i l l  begin t o  r e t u r n  t o  t h e  undisturbed loop frequency, 

band of  t h e  up-car r ie r  spectrum. If t h e  up-car r ie r  r e t u r n s  
while t h e  t r a c k i n g  loop frequency Is i n  the  v i c i n i t y  of a 
s u b c a r r i e r ,  t hen  t h e  loop can p o s s i b l y  p u l l  i n t o  lock  and 
begin t r a c k i n g  a s u b c a r r i e r .  The a d d i t i o n  of modulation to 
a s u b c a r r i e r  may cause t h e  t racking  loop to l o s e  l o c k  with 
t h e  s u b c a r r i e r  i f  t h e  phase changes a r e  g r e a t e r  than  can be 
followed by t h e  t r a c k i n g  loop.  
thrown ou t  of l o c k  by modulation, the t r a c k i n g  loop may r e -  
main i n  t h e  v i c i n i t y  of t h e  s u b c a r r i e r  while i t  cont inues 
t o  be f i r s t  pu l l ed  i n t o  l o c k  then  thrown ou t  of l o c k  by t h e  
modulated s u b c a r r i e r .  
e r r o r  could be passed t o  t h e  t r a n s m i t t e r  and PM demodulators 
of t h e  s p a c e c r a f t  r e c e i v e r  and t o  the range code c i r c u i t s  
of t h e  ground r e c e i v e r .  

There I n  no rhnger 
:;'ring on t h e  dorm l i n k  

The t r a c k i n g  loop  i n  t h e  CSM o r  LEM w i l l  become 
I f  t h e  l o o p  has 

a s  explained e a r l i e r  and w i l l  sweep t,h.-ough the  frequency 
f O ,  

Even though t h e  loop i s  

Thus, a 30 kc o r  70 kc frequency 

The up-car r ie r  i n t e r r u p t i o n  t i m e  t h a t  w i l l  a l l ow 
t h e  volce and up-date s u b c a r r i e r s  t o  be wi th in  the  p u l l - i n  
range of  t h e  up -ca r r i e r  t r a c k i n g  loop can be approximated 
by t h e  fo l lowing  equat lons,  der ived  i n  Appendix D: 

rr, 

i 

I 

0 

0 
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1 - (UD k F) (&) 

r 1 
0 

0 

0 

where 

1 T~ 2 T1 I n  

r 1 

L -I 

T and T ~ ~ ’  = c a r r i e r  i n t e r r u p t i o n  t ime f o r  t h e  spacec ra f t  
t r a c k i n g  loop t o  d r i f t  w i th in  p u l l - i n  range 
o f  t h e  voice o r  up-data s u b c a r r i e r  

V 

V = voice s u b c a r r i e r  f requency (30 k c )  

UD = up-data s u b c a r r l e r  f requency (70 kc) 

BW = bandwidth o f  narrow bandpass f i l t e r  

D f  = Doppler s h i f t  a t  t h e  t ime o f  c a r r i e r  i n t e r -  
rup t ion  

For  example, i f  t h e  CSM loop  was t r ack ing  a 77 kc Doppler 
s h i f t e d  up -ca r r i e r ,  fl, t h a t  was i n t e r r u p t e d  f o r  about 
0.42 seconds, t h e  loop  would have re turned  22.5 kc toward 
i t s  undis turbed  frequency, 
be w i t h i n  7.5 kc o r  BW/2 of t h e  f l  230 kc voice s u b c a r r i e r  
and would begin t o  p u l l  i n t o  lock  w i t h  t h e  s u b c a r r i e r ,  If 
t h e  c a r r i e r  was i n t e r r u p t e d  f o r  0.84 seconds, t h e  l o o p  would 
have r e tu rned  37.5 kc and would s t i l l  be wi th in  t h e  p u l l - i n  
range of t h e  fl k 30 kc subca r r i e r ,  An i n t e r r u p t i o n  g r e a t e r  

The t r ack ing  l o o p  would then  

i 
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than 1.7 seconds would p l ace  the c a r r i e r  t r a c k i n g  loop w i t h i n  
t h e  p u l l - i n  range of t h e  f l  5 70 kc up-data s u b c a r r i e r  
(Figure 16). 
l u n a r  i n j e c t i o n  v e l o c i t i e s .  

The p l o t  of c a r r i e r  i n t e r r u p t i o n  t i m e  vs Doppler 
s h i f t  i n  Figure 17 shows t h e  i n t e r r u p t i o n  t i m e  t h a t  can 
a l low s u b c a r r i e r  a c q u i s i t i o n .  
f a l l s  w i t h i n  t h e  r u l e d  a r e a s  above a s p e c i f i c  Doppler  f r e -  
quency s h i f t  w i l l  p l a c e  e i t h e r  t h e  30 kc o r  70  kc s u b c a r r i e r  
w i t h i n  t h e  p u l l - i n  range o f  t h e  c a r r i e r  t r a c k i n g  l o o p  o f  
t h e  spacec ra f t  r ece ive r .  Some type of  a larm should be  in -  
c luded i n  t h e  ground s t a t i o n  t o  d e t e c t  and n o t i f y  t h e  o p e r a t o r  
t h a t  t h e  spacec ra f t  has  acquired a s u b c a r r i e r ,  

T h i s  77 kc Doppler s h i f t  i s  p o s s i b l e  a t  t r a n s -  

Any i n t e r r u p t i o n  time t h a t  

TOTAL INFORMATION OUTAGE TIME 

The t o t a l  time t h a t  any up-link channel i s  o u t  w i l l  
be t he  up -ca r r i e r  i n t e r r u p t i o n  time p l u s  t h e  u p - c a r r i e r  t r ack -  
i n g  loop p u l l - i n  t ime. However, any up -ca r r i e r  i n t e r r u p t i o n  
w i l l  probably cause the  ground s t a t i o n  t r a c k i n g  loop t o  loose  
lock .  Then, t h e  up-l ink outage time must be added t o  equat ion  
15 f o r  t h e  down-link t o  o b t a i n  t h e  approximate outage t ime f o r  
any down-link channel.  

The t o t a l  time (To) t h a t  information i n  any down- 
l i n k  channel i s  l o s t  i s  t h e  t o t a l  time t h a t  t h e  down c a r r i e r  
i s  i n t e r r u p t e d  o r  l o s t ,  Ti, p l u s  t he  p u l l - i n  t i m e  Tpl f o r  t h e  
c a r r i e r  t r ack ing  loop and Tp2 f o r  t h e  demodulation loops of 
down-voice and down-telemetry channels.  The fol lowing equat ion  
a p p l i e s  when the  t r a c k i n g  loop au tomat i ca l ly  p u l l s  back i n t o  
phase lock.  

To should approximate the time t h a t  t h e  voice  and da ta  c i r -  
c u i t s  a r e  ou t  with Ti + Tpl accounting f o r  most of t h e  outage 
t ime. The p u l l - i n  t i m e  Tp2 f o r  t h e  demodulation loops w i t h  
bandwidth s u f f i c i e n t  t o  pas s  down-voice and down-telemetry 
should be small  when compared with Tpl (probably i n  t h e  
mi l l i s econd  range) .  Addit ional  cons ide ra t ions  a r e  r equ i r ed  
f o r  the range code c i r c u i t s .  It i s  p r e s e n t l y  understood 
t h a t  t h e  range code loop m u s t  be re-locked by a procedure 
i n i t i a t e d  by an  a t t e n d a n t  a t  t h e  ground s t a t i o n  a f t e r  each 
c a r r i e r  i n t e r r u p t i o n  s u f f i c i e n t  t o  cause t h e  loop t o  become 
:mlocked. 

G 

0 

0 



* f 

- 17 - 

0 

0 

0 

I f  t h e  c a r r i e r  i n t e r r u p t i o n  i s  g r e a t e r  than  t h e  
al lowable i n t e r r u p t i o n  (equat ions  11 o r  1 2 ) ,  then  equat ion  
(15) does not  apply.  
rup t ion  time p l u s  t h e  manual o r  programmed a c q u i s i t i o n  t i m e .  

The outage time i s  then  t h e  i n t e r -  

Car:*ier i n t e r r u p t i o n  t ime (Ti) w i l l  be c o n t r o l l e d  
o r  determined, neg lec t ing  equipment f a i l u r e s ;  by t h e  space- 
c r a f t  maneuvers and omnidi rec t iona l  antenna p a t t e r n  n u l l s  
whi le  i n  t h e  n e a r  e a r t h  o r b i t ,  A f t e r  t he  d i r e c t i o n a l  an- 
t e r n a  i s  deployed, Ti w i l l  be determined p r i m a r i l y  by space- 
c r a f t  maneuvers. 
e f f e c t i v e n e s s  of t he  u n i f i e d  S-band system, There i s  j u s t i -  
f i c a t i o n ,  t h e r e f o r e ,  f o r  i n v e s t i g a t i n g  methods f o r  reducing 
t h e  outage time. 

Any information outage time degrades t h e  

PULL-IN TIME REDUCTION METHODS 

There a re  s e v e r a l  poss ib l e  methods f o r  reducing 
p u l l - i n  time which w i l l  reduce t o t a l  i n f o m a t i o n  outage 
t i m e ,  Severa l  methods w i l l  b e  considered for reducing only  
t h e  c a r r i e r  t r a c k i n g  loop p u l l - i n  time. The r educ t ion  o f  
p u l l - i n  time for t h e  demodulating (not  range code) l o o p s  
w i l l  not  be considered he re  s ince  t h i s  time i s  r e l a t i v e l y  
small compared t o  t h e  c a r r i e r  t r a c k i n g  loops due t o  g r e a t e r  
2BQ bandwidths. 

t r o l l e d  o r  programmed s o  tha t  t h e  t r a n s m i t t e d  frequency would 
be o f f s e t  t o  compensate f o r  the  Doppler frequency s h i f t  ex- 
per ienced a t  each segment of t h e  spacec ra f t  o r b i t  covered 
by each ground s t a t i o n ,  The t r a n s a i t t e r  o f f s e t  would not  
have t o  correspond t o  t h e  exact Doppler s h i f t  but should be 
s u f f i c i e n t  t o  p l a c e  t h e  rece ived  s i g n a l  a t  t h e  spacec ra f t  
w i t h i n  +BW/2 o f  t h e  narrow bandpass f i l t e r  i n  t h e  c a r r i e r  
t ra .cking loop. 
t r a c k i n g  loop of t he  Spacecraf t  nea r  i t s  undis turbed  o s c i l -  
l a t i n g  frequency and would i n s u r e  r a p i d  p u l l - i n  a f t e r  an  
u p - c a r r i e r  i n t e r r u p t i o n ,  

Method 1. The ground s t a t i o n  t r a n s m i t t e r  could be con- 

T h i s  procedure would maintain t h e  VCO i n  t h e  

The ground s t a t i o n  r e c e i v e r  should also be con- 
t r o l l e d  i n  t h e  absence of a down-carrier s o  t h a t  t h e  d i f f e r -  
ence between t h e  down-carrier f requency and t h e  l o o p  f'requency 
( 6 f )  i s  a l s o  l e s s  t han  +BW/2 of  t h e  narrow bandpass fil.'er 
i n  t h e  ground s t a t i o n  c a r r i e r  t r a c k i n g  loop. The t r a c k i n g  
loop should be f r e e  t o  t r a c k  t h e  c a r r i e r  but shuuld be 
switched t o  t h e  c o n t r o l l i n g  program when t h e  down c a r r i e r  
i s  i n t e r r u p t e d ,  T h i s  switching could be c o n t r o l l e d  by a 
c i r c u i t  t h a t  monitors t h e  AGC vo l t age  o f  t h e  r ece ive r .  When 
t h e  AGC vo l t age  reached a c e r t a i n  l e v e l ,  t h e  r e c e i v e r  t r ack -  
i n g  c o n t r o l  could be switched t o  t h e  programmed con t ro l ,  

i 

I 
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The p u l l - i n  by t h i s  method would always be auto-  
mat ic  and t h e  p u l l - i n  range would be l e s s  t h a n  +BW/2 which 
i n s u r e s  a s h o r t  p u l l - i n  time, 
mined, t h e  maximum p u l l - i n  t i m e  can be obtained f rom 
Figures  4 and 5. 

Once BW and B j  a r e  de t e r -  

Method 2, Information about t h e  amount of  s t a t i c  charge 
on t h e  c a p a c i t o r  i n  t h e  loop f i l t e r  of t n e  spacec ra f t  c a r r i e r  
t r a c k i n g  loop could be monitored and t r a n s m i t t e d  t o  t h e  
ground s t a t i o n ,  The ground s t a t i o n  t r a n s m i t t e r  could then  
be c o n t r o l l e d  t o  t r ansmi t  a c a r r i e r  o f f - s e t  s u f f i c i e n t  t o  
main ta in  a nea r  zero s t a t i c  charge on t h e  capac i tor .  

Tne AGC vo l t age  would a l s o  be monitored s o  t h a t  
t h e  t r a n s m i t t e d  frequency would not be changed dur ing  an 
u p - c a r r i e r  i n t e r r u p t i o n .  Information about t h e  anount of  
t r a n s m i t t e r  s h i f t  could be used t o  c o n t r o l  t h e  ground s t a -  
t i o n  r e c e i v e r  s i m i l a r  t o  Method 1 i n  t h e  absence o f  a down- 
c a r r i e r .  

T h i s  method assumes t h a t  t h e  change i n  Doppler 
f requency during a c a r r i e r  i n t e r r u p t i o n  i s  wi th in  t h e  p u l l -  

i n  range o f  t h e  r e c e i v e r  t r ack ing  loops (< ?) . A manual 

o r  programmed a c q u i s i t i o n  procedure would be r equ i r ed  for 
i n i t i a l  lock-up a s  t h e  spacec ra f t  e n t e r s  t h e  horizon o f  a 
t r a c k i n g  s t a t i o n .  

Method 3. The ground s t a t i o n  and spacec ra f t  r e c e i v e r  
could be modif ied by i n s t a l l i n g  a sample and hold type  c i r -  
c u i t  c o n t r o l l e d  by t h e  AGC voltage i n  t h e  r ece ive r s .  T h i s  
c i r c u i t  could monitor t h e  s t a t i c  charge on t h e  c a p a c i t o r  
i n  t h e  loop f i l t e r .  If t h e  AGC vol tage dropped below a 
l e v e l  t h a t  i n d i c a t e d  a l o s s  of c a r r i e r ,  t h e  sample and hold 
c i r c u i t  would then  main ta in  t h e  l a s t  sampled s t a t i c  charge 
on t h e  capac i tor .  

6 T h i s  mei;’nod a i s 0  ass-ujlies t h a t  tile Doppler  rpe- 
quency change encountered during a c a r r i e r  i n t e r r u p t i o n  i s  
small ,  Thus, only t h e  Doppler s h i f t  t h a t  occurred during 
t h e  c a r r i e r  i n t e r r u p t i o n  would have t o  be p u l l e d  i n  by t h e  
loop. 

A 

I 0 ;  
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Xethod 4, The ground s t a t i o n  and spacec ra f t  t r a c k i n g  
loops could be modified t o  include a frequency d i f f e r e n c e  

vol tages  from t h e  r e g u l a r  PLO loop d e t e c t o r  and t h e  f r e -  
quency d i f f e r e n c e  d e t e c t o r  i s  r ep resen ted  i n  t h e  Erawing 
above t h e  block diagram, 
p u l l - i n  t o  lock  for any frequency d i f f e r e n c e  l e s s  t han  
BW/2 caused by a c a r r i e r  i n t e r r u p t i o n ,  The added frequency 
d i f f e r e n c e  d e t e c t o r  would produce a c o n t r o l  vo l t age  t o  p u l l  
t h e  loop toward lock  for frequency d i f f e r e n c e s  betweex BW/2 
and t h e  maximu Doppler s h i f t  experienced a t  any pnase of  
t h e  mission. When t h e  frequency d i f f e r e n c e  (6f) i s  brought 
t o  w i t h i n  +-BW/2 by t h e  frequency d i f f e r e n c e  de tec to r ,  t h e  
r e g u l a r  PLO would g a i n  cont ro l  and p u l l  t h e  loop i n t o  lock,  
While t h e  r e g u l a r  PLO loop i s  locked, t h e  output  e r r o r  
vo l t age  from t h e  frequency d i f f e rence  d e t e c t o r  would 3s 
zero  and thus  would not  degrade t h e  r e g u l a r  PLO loop opera- 
t i o n .  The f e a s i b i l i t y  of connecting t h e  d i f f e r e n c e  C'etector 
output  d i r e c t l y  t o  t h e  r egu la r  PLO modulator must be con- 
s idered,  Richman' considers  i t  poss ib l e ,  This  method 
could p o s s i b l y  e l imina te  manual or programed  c a r r i e r  t r ack -  
i n g  loop lock  procedures f o r  S/N r a t i o s  g r e a t e r  than  10 db 

There are, no doubt, many o t h e r  methods t h a t  can 
Af te r  cons ider ing  

d e t e c t o r  9 as  shown i n  Figure 18, The genera ted  c o n t r o l  

The r e g u l a r  PLO would au tomat i ca l ly  

at t h e  irlp-dt to J-LA O - - - . . - - - - -  A J  On,- - - , ,  
U l A C  L A - C ~ U C l l G y  U A l l  C C C l l G G  d e t e c t o r  c i rc -d i t ,  

be employed t o  reduce PLO p u l l - i n  t i m e ,  
t h e  four methods d iscussed  here, t h e  frequency d i f f e r e n c e  
d e t e c t o r  method (Method 4 )  appears t o  be t h e  e a s i e s t  and 
p o s s i b l y  t h e  l e a s t  expensive t o  implement, 

CONCLUDING REMARKS 

PM c a r r i e r  i n t e r r u p t i o n  can cause a number of  
problems wi th  t h e  p re sen t  S-band system. I n t e r r u p t i o n s  t h a t  
occur  while  t h e  spacec ra f t  i s  i n  t h e  near -ear th  t r a j e c t o r i e s  
where Doppler s h i f t s  a r e  g r e a t e s t  a r e  t h e  most c r i t i c a l .  
I n t e r r u p t i o n  f o r  var ious  time i n t e r v a l s ,  depending on t h e  
amount of  Doppler s h i f t  experienced a t  t h e  t i m e  of i n t e r -  
rup t ion ,  can a l low t h e  PLO loops t o  acqu i r e  and t r a c k  an  
up-subcar r ie r  which i s  undes i rab le  or may r e q u i r e  complete 
r e a c q u i s i t i o n  proced-ures be i n i t i a t e d  by a ground s t a t i o n ,  

The equat ions and curves for c a l c u l a t i n g  pLl l - in  
t i m e ,  a l lowable  c a r r i e r  i n t e r r u p t i o n  t ime, and s u b c a r r i e r  
a c q u i s i t i o n  t i m e  emphasize t h e  problems caused by c a r r i e r  
i n t e r r u p t i o n s ,  Other equations a r e  inc luded  t o  g ive  a 
b e t t e r  understanding of PLO loop opera t ion ,  0 
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A q u a n t i t a t i v e  eva lua t ion  of t o t a l  information 
outage time cannot be made u n t i l  s p e c i f i c  information i s  
a v a i l a b l e  on s p a c e c r a f t  a n t e n n a  p a t t e r n s  and  maneuvers. 
U n t i l  t h i s  Information i s  a v a i l a b l e ,  t h e  xa t e r i a l  p,-esented 
I n  t h i s  memorandum a f f o r d s  some apprec ia t ion  for t h e  prob- 
l e n s  caused by ca r r i e r  i n t e r r u p t i o n s  and  sugges ts  s e v e r a l  
methods f o r  reducing the time a s s o c i a t e d  wi th  r e a c q u i s i t i o n ,  

WH- 4334- JCL-BWO 
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APPENDIX A 

PLO Loop Noise Bandwidth 

0 
The equ iva len t  two-sided n o i s e  bandwidth ( 2 B  ) 

i s  by d e f i n i t i o n 5  a 

0 

0 

0 

J - J, 
where C ( s )  i s  t h e  c losed  loop t r a n s f e r  f’unction of t h e  
l i n e a r i z e d  loop. The basis for t h i s  l i e s  i n  t h e  f a c t  t n a t  
a f l a t  n o i s e  s p e c t r a l  d e n s i t y  of  magnitude 0 at t h e  inpu t  
of  t h e  l i n e a r i z e d  system w i l l  produce a n o i s e  power of 
20BQ a t  t h e  o u t p u t .  Thus,  2 B  i s  the bandwidth o f  t h e  .l 
i d e a l  square cu to f f  low-pass f i l t e r  which produces t h e  sane 
amount of n o i s e  power a t  i t s  output  as does t h e  l i n e a r  sys-  
tem whose r e a l i z a b l e  t ransfer  f i m c t i n n  i s  G ( s > .  ~ l t h  this 
d e f i n i t i o n ,  t h e  loop noise  bandwidth w i t h  va r ious  f i l t e r s  
can be determined. 
t h e  second o r d e r  c a r r i e r  t r a c k i n g  loops used i n  t h e  Apollo 

The c losed loop t r a n s f e r  f u n c t i o n  of 

i s  of t h e  form 

where 

Qi = i npu t  s i g n a l  

GO 
P open loop ga in  

and 



A-2 

Go - r e f l e c t s  t h e  i n t e g r a t i n g  a c t i o n s  o f  t h e  reac-  
t ance  modulator and o s c i l l a t o r  t h a t  converts  
t h e  d r i v i n g  s i g n a l  vo l tage  t o  an output s inus-  
o i d a l  s i g n a l  w i t h  a cons tan t  amplitude and 
varying phase 

' 

F(s)  = loop f i l t e r  t r a n s f e r  rnnc t ion  o f  Figure 1 

1 

where 

= j,. 

The closed loop t r a n s f e r  f 'unction is 

s-23 

t hen  

1 s-P J 
a a 

G o G f [ S - Z I  s[s-P] + G0Gf[s-Z] 
+ [ s - P ]  

A t o t a l  g a i n  cons tan t ,  GT, can b e  def ined:  

. 

( A - 3 )  

(A-4 1 

(A-5 

c 

0 

0 

0 
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0 
Then 

r 1 

0 

0 

i 

The denominator of t h e  t r z n s f e r  func t ion  I s  of 
t h e  form common t o  servo  systems 

where an =,/- is t h e  undamped n a t u r a l  f requency of o s c i l -  
l a t l o n  

-~ 

of t h e  loop .  I s  n o t  t h e  frequency of t h e  vc 0 
I t s e l f  b u t  desc r ibes  t h e  r a t e  a t  which t h e  system would 
o s c i l l a t e  about t h e  VCO frequency i f  t h e  t r a n s f e r  func t ion  
r e s i s t a n c e  was zero.  an a lso  desc r ibes  t h e  optimum r a t e  
t h a t  t h e  VCO should be var ied  by an  ou t s ide  force  i f  t h e  
VCO i s  t o  be swept through a f requency band t o  expedi te  
s i g n a l  a c q u i s i t i o n s  by t h e  PLO loop. 

t h e n  

GT - P 
K =  i s  t h e  loop damping r a t i o .  G ( s )  i s  

2- 

s i n c e  P I s  small when compared wi th  2% 



. .  

A - 4  

The equivalent two-sided noise bandwidth is then 
determined by Integration to be 

( A - 8  ) 

( A - 9 )  13 

0 

0 



APPENDIX B 

varies 
where 9 

Effect of Limiter on PLO Loop Noise 

Bandwidth and Pull-in Time 

The signal voltage at 
according to the limiter 

U 
r 7 

the output of a limiter 
suppress ion, fact or “a”, 

1 1’2 
I l. 

T h i s  relation is plotted in Figure  4. 
Minimum noise bandwidth will occur at minimum 

signal levels in any particular loop. T n i s  minimum signal 
is usually specified as the threshold and w i l l  be designated 
here with the subscript i se band- 11 . . 11 

width Ba may then be exE;--DaGu 
1 

Bth 

1 [e 
I- 1 

where 

= threshold noise bandwidth Bt h 
ath = threshold limiter suppression factor 

Kth = loop damping factor a t  design threshold 
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I 

I 

When t h e  design t h r e s h o l d  damping f a c t o r  K i s  0.707, 

a and ath may be ob ta ined  from Figure  4. 

I n  g e n e r a l  p u l l - i n  t ime may therl i,e estimated f o r  
any bandwidth above t h r e s h o l d  by o b t a i n i n g  w correspol lZ;  

l t i c u l a r  S / N  r a t i o  above t h r e s h o l d  froin F i g u r e  4 ~ J I ~ S  

7: Lo 

' 1  ,; the fo l lowing  equat ion  de r ived  by R ~ C :  (-7 * 1  , . 
m d i f i e d  t o  Inc lude  the a c t i o n  of t h e  band,;;, cI i i L h L A .  * , A i .  

i 
T =  P 

I 
L 

or 

2 
- 

L 

(B-4) 

P 

L i 



APPSXDIX C 

Allowable C a r r i e r  I n t e r r u p t i o n  Time vs  Doppler S h i f t  

-0 The c a r r i e r  t racking  loops of Figures 2 and 2 A  
a r e  used t o  develop equat ions t o  approximate t h e  al lowable 
c a r r i e r  i n t e r r u p t i o n  t ime when a narrow band f i l t e r  i s  in-  
cluded i n  f r o n t  o f  t h e  l imi t e r .  

.o 

0 

0 

The rece ived  c a r r i e r  a t  t h e  spacec ra f t  (Figure 2 )  
without  modulation i s  represented by 

where 

D f  = Doppler s h i f t  

= ground s t a t i o n  t r ansmi t t i ng  r ad ian  frequency 
“C 

The VCO output  can be described by 

where 28 i s  a re ference  phase ( o r  frequency).  
t h e  d e t e c t o r  from t h e  VCO i s  d iv ided  by 2 and s h i f t e d  90 
degrees i n  phase 

The input  t o  

31 cos (%co + 7T + 20) 
2 

The inpu t  t o  t h e  second mixer from t h e  VCO i s  

( c -3 )  

(c-4) 
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. .  

M3 = cos(2uvcot  + 48) 

. The input  t o  the first mixer f rom t h e  VCO i s  

M4 = c 0 ~ ( 1 0 8 ~ ~ ~ t  + 21.68) 

The inpu t  t o  t h e  f i r s t  I F  i s  t h e  lower product  of 
(M~) ( ~ 4 )  = M5 

M5 - G 1 ~ ~ ~ ( - F l t  k D f  - 2168) 

where G i s  t h e  combined ga in  constants .  
second I F  and t o  t h e  narrow bandpass f i l t e r  i s  then  

The input  t o  t h e  

M6 a G 2 C 0 s ( 9 ~ 2  k Df - 2168 - 48) 

o r  

, M6 = G2cos(yF2t  k Df - 2208) 

The phase d e t e c t o r  output  i s  then  

c 

( C - 9 )  

M7 a G3sin(kDf - 2218) (c-10) 

When t h e  l o o  1 s  locked and t r ack ing  t h e  c a r r i e r ,  
sin(tDf-22187 must be small  o r  sin(+Df-2218) 2 +-Df - 2218 
so  t h a t  

Thus, the  VCO i s  s h i f t e d  by 28 when t h e  loop  i s  locked and 
t r a c k i n g  a Doppler s h i f t e d  c a r r i e r .  
ou tput  i s  then:  

The phase d e t e c t o r  oi 

I 
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% = G COS 

% =I G s i n  1 + D f  - 221 (z) 1 
M7 

yF2 t fi D f  (1 - E) 1 

2 G s i n  1 Df (1 - E) 1 
(c-12) 

2 0  

Assume t h a t  both D f  and 8 a r e  expressed i n  cycles .  
I f  t h e  c a r r i e r  was not  s h i f t e d  by Dopfler and t h e  l o o p  was 

D f  and 8 a r e  zero. Fur ther ,  t h e  amount of any Doppler s h i f t  
encountered by t h e  c a r r i e r  is reduced by loop t r a c k i n g  a c t i o n  
before  i t  reaches t h e  narrow bandpass f i l t e r  in t h e  second 
I F  (M6). The inpu t  s i g n a l  t o  t h e  second I F  and narrow band- 
pass  f i l t e r  is then  s h i f t e d  from t h e  c e n t e r  o f  t h e  f i l t e r  
by an amount much l e s s  than  the a c t u a l  Doppler s h i f t ,  The 
amount o f  o f f - cen te r  ( O C )  o r  s h i f t  frcm t h e  c e n t e r  of t h e  
f i l t e r  is der ived  by s u b s t i t u t i n g  8 = +Df/221 i n t o  equat ion 

. locked, then t h e r e  would be  no l o s s  i n  assuming t h a t  both 

M6 

0 

Thus 

L 

OC 2 + D f  (1 - 220) 
\ L L I /  



c-4 

o r  I OC I i s  l e s s  than  400 cps f o r  the maxinum u p - c a r r i e r  
Doppler s h i f t  expected, This s h i f t  f rom t h e  c e n t e r  o f  t h e  
bandpass f i l t e r  reduces t h e  allowable c a r r i e r  i n t e r r u p t i o n  
t ime s i n c e  t h e  loop has a smaller range t o  d r i f t  be fo re  
6 f  becomes g r e a t e r  t h a n  BW/2, 

I n  genera l ,  t h e  allowable t i m e  ( T ~ ~ )  t h a t  t h e  up- 
c a r r i e r  can be i n t e r r u p t e d  and s t i l l  have t h e  loop auto- 
m a t i c a l l y  p u l l  back i n t o  lock  can be  der ived  by r e f e r r i n g  
t o  t h e  equat ion for 6f 

where, i n  t h i s  case,  6 1  I s  t h e  amount o f  d r i f t  al lowed be- 
f o r e  t h e  Input  t o  the  second I F  i s  out of t h e  range of t h e  
narrow bandpass f i l t e r .  

T I s  then: 

where 

'1 

L/ 

r 1 

c 1 

(c-16) 

(c-18) 
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0 

L 

‘au 6 

where T~~ is 

T1 

220 
Df (1 - m) 12 Df 

r 1 

1 1 

In 11 - [F - D f  (1 - g)] (&) 
(c-20) 

the allowable up-carrier interruption tlme. A 
similar analysis Zor the grouiid station ~. .eceivzr  of zigure z A  
shows that the input to the narrow bandpass filter is always 
W A U L L A ~  one-fourth o f  a cycle from t h e  c z ~ t e r  =;f t h e  f L l t e r  
while the loop is locked. Therefore, the allowable 6f I s  
approximately equal to BW/2 and 

- - 4  & L a  

‘ad T1 (c-21) 

where rad is the allowable down carrier interruption time. 

i 

I 

i i 
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. APPEhDIX D 

Possible Subcarrier Acquisition 

by Carrier Tracking PLO 

This appendix is an extension of Appendix C where 
equations for carrier reacquisition time were developed. 
Subcarrier acquisition by the up-carrier tracking PLO loop 
in the CSM receiver is possible under certain Doppler and 
carrier interruption conditions, 
time for subcarrier acquisition will be greater than for 
carrier reacquisition because the loop frequency must change 
sufficiently to place the voice or up-data subcarrier within 
the pull-in range of the tracking loop or within BW/2 of L. 
subcarrier when a narrow bandpass f i i t e r  is Included in tne 
loop,  

The up-carrier intermption 

Equations (18), (lg), and (20) of Appendix C can 
be modified to approximate the interruption time for sub- 
carrier acquisition, 
loop frequency input to the first mixer and the voice and 
up-data subcarrier is 

T h s ,  t h e  6ifference E:, bet:;.=en t h e  

r 
220 6f, 6 V +, 

r- 

UD 5 1 - Df (1 - m) 220 1 "ud 6 

as shown in Figure 16, 

voice subcarrier, 
' Equation (20) 

fl.I 

Tv = T1 In 

1 -  

L 

of Appendix C then becomes, for the 

(D-3)  
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and f o r  t h e  d a t a  s u b c a r r i e r ,  

1 I n  *u d 

Df (1 - %)I 1 

- 

Since  t h e  f a c t o r  Df  (1 - 
221 is  l e s s  t han  400 cycles  f o r  

t h e  maximum Dop l e r  i h i f t  exbected f o r  an u p - c a r r i e r  f r e -  
quency of 2.106 f ;  gc, equat ions (3) and ( 4 )  reduce t o  

r 1 
I 

T,, 2 T1 In i I 1 

r 1 

where 

T,, and T~~ = c a r r i e r  i n t e r r u p t i o n  t ime f o r  t h e  spacec ra f t  
t r a c k i n g  loop  t o  d r i f t  w i t h i n  p u l l - i n  range 
of t h e  voice  o r  up-data s u b c a r r i e r  

V = voice  s u b c a r r i e r  frequency (30 kc) 

UD = up-data s u b c a r r i e r  f requency (70 k c )  

BW = bandwidth of narrow bandpass f i l t e r  i n  c a r r i e r  

D f  = Doppler s h i f t  a t  t h e  t i m e  of c a r r i e r  i n t e r r u p t i o n  

t r a c k i n g  loop 

I 
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